Abstract: A ZnO/TiO 2 photocatalyst decorated with PbS quantum dots (QDs) was synthesized to achieve high photocatalytic efficiency for the decomposition of dye in aqueous media. A TiO 2 porous layer, as a precursor photocatalyst, was fabricated using micro-arc oxidation, and exhibited irregular porous cells with anatase and rutile crystalline structures. Then, a ZnO-deposited TiO 2 catalyst was fabricated using a zinc acetate solution, and PbS QDs were uniformly deposited on the surface of the ZnO/TiO 2 photocatalyst using the successive ionic layer adsorption and reaction (SILAR) technique. For the PbS QDs/ZnO/TiO 2 photocatalyst, ZnO and PbS nanoparticles are uniformly precipitated on the TiO 2 surface. However, the diameters of the PbS particles were very fine, and their shape and distribution were relatively more homogeneous compared to the ZnO particles on the TiO 2 surface. The PbS QDs on the TiO 2 surface can induce changes in band gap energy due to the quantum confinement effect. The effective band gap of the PbS QDs was calculated to be 1.43 eV. To evaluate their photocatalytic properties, Aniline blue decomposition tests were performed. The presence of ZnO and PbS nanoparticles on the TiO 2 catalysts enhanced photoactivity by improving the absorption of visible light. The PbS QDs/ZnO/TiO 2 heterojunction photocatalyst showed a higher Aniline blue decomposition rate and photocatalytic activity, due to the quantum size effect of the PbS nanoparticles, and the more efficient transport of charge carriers.
INTRODUCTION
Crystalline TiO 2 material is recognized as one of the most efficient photocatalysts, due to its high photocatalytic activity, and consequently has many potential technological applications. However, TiO 2 photocatalyst not only exhibits a relatively large band gap (~3.2 eV for anatase) which restricts its activity in the visible region, but also a low charge transfer efficiency due to the easy recombination of photogenerated electron-hole pairs. These factors are detrimental to photocatalytic efficiency. Therefore, in order to widen the application of TiO 2 in various industrial fields, various attempts have been made to enhance its photocatalytic activity by the use of a heterojunction between the TiO 2 and a semiconductor that has a narrow energy band gap. For example, to enhance photocatalytic activity during the photocatalytic reaction, the ZnO/TiO 2 coupling method [1, 2] has been utilized. In this case, an energy potential bias between the ZnO and TiO 2 is formed, which facilitates the transport of photoinduced electrons, by the injection of conduction band electrons from the ZnO to TiO 2 . In this way, by separating the photoinduced electrons and holes, the recombination of charge carriers can be avoided, which allows the photocatalytic activity to be improved [3] . PbS can be easily excited by visible light, and can efficiently produce electron hole pairs, because of its narrow band gap energy of 0.41 eV [4] . Moreover, PbS nanoparticles easily allow the quantum confinement effect, due to their large exciton Bohr radius [4, 5] . PbS quantum dots (QDs) have received much attention because it is possible to tune their energy band gap [6] by controlling their size and shape [7] .
Various techniques of fabricating the TiO 2 layer as precursor photocatalyst have been reported, including sol-gel [8] , spin coated TiO 2 film [9] , hydrothermal crystallization [10] , chemical vapor deposition [11, 12] , chemical bath deposition [13] , spray pyrolysis [14] , sputtering [15] , and laser sintering methods [16] . However, to fabricate TiO 2 photocatalysts for use in aqueous media, the micro-arc oxidation (MAO) process [17, 18] has attracted considerable interest, due to its low cost, non-toxicity, easy control of fabrication, and high reactivity. Moreover, the anodic TiO 2 layer synthesized by the MAO process has useful advantages for application in photocatalysis because of its strong adhesion to the titanium substrate, high specific surface area related to the porous cell structure, and chemical stability.
With these features in mind, this study aimed to synthesize an efficient photocatalyst by both improving the charge carrier transport process, and by extending the absorption band of the photocatalyst into the visible light region.
For this purpose, TiO 2 photocatalyst was prepared by the MAO process, and then a ZnO-deposited TiO 2 layer was fabricated. Finally, PbS quantum dots (QDs) were deposited directly on the ZnO/TiO 2 catalyst using the successive ionic layer adsorption and reaction (SILAR) technique [19] [20] [21] [22] . To investigate their surface characteristics, the PbS/ZnO/TiO 2 heterojunction photocatalysts were analyzed by field emission scanning electron microscopy (FE-SEM) and X-ray diffraction (XRD). To evaluate their photocatalytic properties, photoluminescence (PL) spectra and dye decomposition tests were performed.
EXPERIMENTAL

Synthesis of photocatalysts
In order to fabricate the TiO 2 photocatalyst, titanium sheets (99.5 %, commercial grade) were cleaned with acetone and ethanol, and rinsed with deionized water. Then, the micro-arc oxidation (MAO) process was carried out in 0.5 M H 2 SO 4 solution, using a constant voltage of 200 V for 20 min. The MAO process was performed using a two-electrode system controlled by a DC power supply in a glass cell, and a wide titanium sheet was used as the cathode. After the TiO 2 photocatalysts were fabricated, the specimens were rinsed with deionized water, and dried.
To synthesize the ZnO/TiO 2 photocatalyst, a simple procedure [23] The fabrication process is shown in Fig. 1. 
Surface characteristics of the photocatalyst
To characterize the morphology of the prepared photocatalysts, scanning electron microscopy (SEM, JEOL-JSM5410) was employed, and the crystalline phase of the photocatalysts was identified by X-ray diffraction (XRD; Philips, PW1710). A UV-vis spectrometer (Cary 500 Scan UV-vis-NIR spectrophotometer) was used to determine the light absorption characteristics of the composite photocatalysts.
Photoluminescence spectra were measured at room temperature on a Fluorescence Spectrophotometer (F-7000, Hitachi,
Japan) with an excitation wavelength of 350 nm. The scanning speed was 1200 nm/min, and the width of the spectral slit was 5.0 nm.
Dye decomposition efficiency
For the dye decomposition test, 83 μM Aniline blue solution (pH 4.00) was prepared, and the dye degradation efficiency was evaluated with a 8 mL solution in a quartz tube, with an irradiating 100 W Hg lamp as the light source.
In order to determine the decomposition rate of the Aniline blue solution, UV-vis spectroscopy (Unicam 8700) was performed at a wave length of 600 nm. The diameters of the PbS particles are very fine, which can be expected to lead to extensive quantum size effects. In the diffraction peaks of the ZnO and PbS particles in Fig. 4 , the amount and size of the precipitated nanoparticles are so small that the peak intensities appear to be very weak.
RESULTS AND DISCUSSION
X-ray diffraction pattern of the photocatalysts
Nonetheless, the XRD results indicate that ZnO and PbS nanoparticles were successfully precipitated on the surface of TiO 2 photocatalyst. This value was compensated during the evaluation of the dye degradation rate.
Absorbance response of the photocatalysts
In a dye decomposition test of 300 min with bare TiO 2 photocatalyst, 59.7% of the Aniline blue was removed. The corresponding dye removal rates were 62.4% for the ZnO/ TiO 2 sample, 70.6% for the PbS/TiO 2 sample, and 82.0% for the PbS/ZnO/TiO 2 photocatalyst sample, respectively. As shown in Fig. 6 , the PbS/ZnO/TiO 2 heterojunction photocatalyst showed much higher photocatalytic efficiency than the other photocatalytic samples.
To conduct a kinetic analysis of the Aniline blue decomposition, the rate constants of the photocatalytic reactions of the photocatalysts were evaluated. Performance could also be explained in terms of the first order reaction rate [25, 26] . The change in concentration with reaction time can be written as: (1) where, C is the dye concentration in solution. From Eq. (1), the kinetic constant can be expressed as:
, (2) where, C o represents the initial concentration, and C t is the resultant concentration of dye after the photocatalytic reaction time (min). The relationships between ln(C o /C t ) and the photocatalytic reaction times for the tested dyes are presented in Fig. 7 .
The rate constants for the degradation of Aniline blue were 3.03×10 −3 min −1 for the bare TiO 2 photocatalyst, 3.27×10 ) for the dye degradation, than those of the other photocatalysts.
These results suggest that the high rate constants for the degradation of Aniline blue can be attributed to synergistic effects resulting from the presence of nanoparticles and the effective nanojunctions of nanoparticles on the TiO 2 photocatalyst, which are greatly affected by both the size of nanoparticles, and the formation of circuit routes between 
Band gap energy depending on nanoparticle size
According to research on semiconductor potential energy With regard to the effect of particle size on band gap energy, the ZnO particles with a slightly higher average diameter of 21.17 nm, as shown in Fig. 3(a) , are too large to induce quantum confinement effects. Therefore, the ZnO particles on the TiO 2 photocatalyst do not influence the change in band gap energy caused by the particle size effect.
Bulk PbS is known as a promising semiconductor material due to its narrow band gap energy of 0.41 eV [4] , which can easily be excited by visible light, and efficiently produce electron hole pairs. However, when bulk PbS material is deposited on the ZnO/TiO 2 catalyst, the potential of the conduction band of the bulk PbS is -4.74 eV, which is lower than that of TiO 2 (-4.21 eV) or ZnO (-4.19 eV). This suggests that the transport of photoelectrons in the conduction band of PbS towards TiO 2 (or ZnO) would be inhibited, and the photocatalytic activity of the PbS/ZnO/TiO 2 photocatalyst could be decreased.
However, the average diameter of the PbS QDs precipitated on the TiO 2 photocatalyst surface in this work, as shown in Fig. 3(b) , were observed to be 3.94 nm, which can lead to changes in the band gap energy [28] [29] [30] due to small particle size effect, compared to ZnO and TiO 2 . In particular, PbS nanoparticles have a large exciton Bohr radius of 18 nm [4, 5] , due to their high dielectric constant (ε = 17.3) and small electron effective mass, which allows a quantum confinement effect, even in relatively large sized quantum dots. Therefore, as the particle size of the PbS QDs is reduced, the band gap energy of the PbS QDs increases through splitting of the conduction band. A quantitative model for the relationship between band gap and particle size has been proposed by Brus [31] , and by Wang et al. [32] . For the PbS QDs with their large exciton Bohr radius, the quantitative model by Wang has been reported to be more suitable [33] .
Therefore, the band gap energy depending on nanoparticle size can be estimated using the following equation: (3) where, E g is the effective band gap energy due to the quantum confinement effect, E g,bulk is the band gap of bulk 
Photoluminescence behavior of the photocatalysts
To further investigate the electronic and optical characteristics of the photocatalysts, the photoluminescence (PL) spectra of the TiO 2 , ZnO/TiO 2 , PbS/TiO 2 , and PbS/ZnO/ TiO 2 photocatalysts were measured in the wavelength range of 400-700 nm, and the results are shown in Fig. 9 . In the PL spectra of the TiO 2 photocatalysts, as shown in Fig. 9 , the main peaks [34, 35] were observed at 440 (2.82 eV), 455 (2.72 eV), 470 (2.64 eV) and 550 nm (2.25 eV), which is attributed to oxygen vacancies and localized surface states in the TiO 2 [36, 37] . 
CONCLUSIONS
A PbS QDs/ZnO/TiO 2 heterojunction photocatalyst was synthesized to achieve high photocatalytic efficiency for the decomposition of organic pollutants in aqueous media. The TiO 2 porous layer, as precursor photocatalyst, was fabricated using micro-arc oxidation, which introduces irregular porous cell features with anatase and rutile crystalline structures.
Then, a ZnO-deposited TiO 2 catalyst was fabricated using zinc acetate solution, and PbS QDs were uniformly deposited on the surface of the ZnO/TiO 2 photocatalyst using the SILAR method. photocatalysts, compared to the other photocatalysts. From the dye degradation evaluation results, the rate constants for the degradation of Aniline blue were found to be 3.03×10 
